A C 2 -symmetric amino diol, (R,R)-2-(benzyl-(2-hydroxy-2-phenylethyl)-amino)-1-phenylethanol 1 was predominantly utilized to synthesise Li-Al heterobimetallic chiral catalyst. This catalyst is effective for carrying various Michael addition reactions. (R,R)-2-(p-vinyl benzyl-(2-hydroxy-2-phenylethyl)-amino)-1-phenylethanol 2 (Scheme 4), carrying a polymerisable vinyl tether, was also synthesised and used for preparing polymer anchored Li-Al heterobimetallic chiral catalyst. These catalysts are quite effective for enhancing various Michael addition reactions. The optimized reaction conditions produced Michael adducts in good yield with high enantiomeric excesses.
Introduction
Asymmetric Michael addition, an important carbon-carbon and carbon-hetero atom bond forming reaction 1 , essential for synthesis, is gaining more importance and study by chiral auxiliary, chiral monometallic, chiral heterobimetallic and chiral crown complexes techniques. 2a-d Considerable new work concerning reactions mediated by synthetic enzymes (chemzymes) 3 like heterobimetallic complex 4 has been reported. Use of chiral heterobimetallic complex is common in asymmetric Michael addition, 5 nitroaldol, hydrophosphorylation, epoxide ring opening, epoxidation of α,β-unsaturated ketones, Diels-Alder, and nitro-Mannich type reactions. 6a-f The metal centers in these complexes probably "communicate" with one another within the catalyst, showing some cooperative effects 6g to position the reactants and to enhance the reactivities of both the reactants.
A practical difficulty in performing conventional homogeneous catalytic reactions lies in separating the product from the catalyst. Also, the possibility of oligomerization of the catalyst that may be unavoidable in some cases could lower activity and a decrease in the enantiomeric excess (ee). Such aggregations can however be restricted by supporting the catalyst onto a polymer backbone. 10 Chiral polymers have been used in the chromatographic separation of enantiomers, as chiral auxiliaries in phase transfer catalysis or as chiral polymer catalysts in hydrogenation, hydroformylation, alkylation, hydrosilation, epoxidation, dihydroxylation, Diels-Alder 11a-i and
Michael addition reactions. 12 The advantages of this method being the ease of purification of the reaction mixture, reusability of the catalyst and as these polymers have bulkier groups they may provide a respective small space for the reactions to enhance stereoselectivity. These show some general resemblance to the reactive sites like those found in enzymes. 13 Preparation of polymer chiral catalyst using (R,R)-2-[p-vinylbenzyl-(2-hydroxy-2-phenylethyl)-amino]-1-phenylethanol, 2 and asymmetric Michael addition reaction using polymer anchored chiral catalyst will be also discussed in this paper.
Results and Discussion
Trost reported 14 the synthesis of amino diol 1 under neat conditions; we modified the reaction procedure and synthesized chiral amino diol 1 in good yield (Scheme 1) by refluxing for 5 hours in methanol and obtained the single crystal XRD of the chiral amino diol 1. The unsymmetrical diol formed in lower yield was also isolated, characterized and optical rotation measured. 
Studies using LiAl-1
In order to evaluate the efficiency of amino diol, 1 in catalytic reactions we adopted the procedure by Shibasaki to synthesize Li-Al heterobimetallic catalyst using BINOL. Typically the heterobimetallic catalyst was synthesized by in situ reaction of amino diol with LiAlH 4 . The amount of hydrogen gas evolved was measured and found to be in agreement with the value calculated for a complete reaction of the hydride. The inductively coupled plasma analysis showed the presence of Li and Al in the catalyst with expected amounts for complete incorporation of the metals. The 27 Al-NMR spectrum showed a new broad singlet at 60.04 ppm (δ) while 7 Li-NMR showed a signal at higher field at -0.25ppm (δ) indicating the different environments around Al and Li metals. Asymmetric Michael addition reaction of dialkylmalonates with cycloalkenones were carried out using LiAl-1 chiral catalyst (Figure 1 ). The reaction conditions were optimized and observed that the Michael adduct gave rise to good yield and high enantiomeric excess. We also noted a slight variation in the enantiomeric excesses upon changing the ester substituents of the nucleophiles. (Table 1 Reactions of thiols with cycloalkenones also progressed leading to high yield and moderate enantiomeric excesses. These reactions get completed in less time of 60 seconds. The time required for the conversion to product was less compared to other similar addition reactions of thiols to α,β-unsaturated ketones. 16 (Table 2 ) Scheme 3. Michael addition reaction using LS-1.
Studies using LiAl-poly2
In view of the above-mentioned positive aspects of polymer anchored chiral catalysts, we decided to synthesize and evaluate the efficiency of the polymer chiral ligand incorporating the crucial C 2 -symmetric aminodiol 1 onto a macromolecular backbone. Accordingly, vinyl amino diol 2 carrying a polymerisable vinyl tether, was synthesised by refluxing p-vinylbenzylamine with two equivalents of R (+) styrene oxide in 30 % yield with a high co-production of dimer and other oligomers. 17 The chiral polymer (poly2a) was synthesized by free radical copolymerization of the corresponding chiral monomer with p-divinylbenzene and styrene as cross-linking reagent and co-monomer in ratio of 1:1:4 (Scheme 4).
The polymeric chiral catalyst LiAl-poly2A was prepared by the reaction of excess polymer chiral ligand poly2A with LiAlH 4 in THF under an inert atmosphere. The amount of hydrogen gas evolved was measured and found to be in agreement with the value calculated for a complete reaction of the hydride. The inductively coupled plasma (icp) analysis of the product showed the presence of lithium and aluminum in the polymer chiral catalyst with expected amounts for a complete incorporation of the metals.
Scanning electron microscopy (SEM) was used to observe qualitatively and pictorially the changes in the specific morphologies of poly2A as such and on the LiAl-poly2A.
12 LiAl-Poly2A was used for promoting asymmetric Michael addition reaction of nitromethane to the chalcone (Table 3 ). The very reaction catalyzed by chiral alkaloids was done earlier under high pressure and for a longer time. 19 But, here the reaction could be completed at atmospheric pressure and for lesser reaction time of 6 hours. In addition, the purification process is simple being just a quick filtration of the reaction mixture to separate the catalyst from the organics. On using the amino diol 1 as ligand we could obtain just 5.3% ee of the Michael adduct, whereas on using poly2A as the ligand, the ee of the product rose to 51% (Table 3) for the nitromethane adduct.
In our earlier report we had noted that the Michael addition of thiols to enones gets completed in seconds and that the stereo specificity is optimum. We attempted the same reaction with LiAl-poly2A catalyst and found that the reactions were comparatively slow, 30 min. but the ee's were slightly higher ( Table 4) . Cyclopentenone and cyclohexenone were also used as Michael acceptors and the Michael donors were thiophenol, p-methyl thiophenol and benzyl mercaptan. The yields and the ee's are in general high when compared with other methods. Asymmetric Michael addition of benzylamine to α,β-unsaturated ester group has also been studied recently. 20 The asymmetric Michael addition of benzylamine with ethyl cinnamate using LiAl-poly2A catalyst we could obtain higher ee of the product (Table 5) . On using the aminodiol 1 as the chiral ligand we obtained 60% ee for this reaction. With LiAl-poly2A as the chiral ligand, the ee was found to be higher at 80%. To conclude, we have developed a new C 2 -symmetric heterobimetallic chiral catalyst LiAl-1 and LS-1 as a promoter for asymmetric Michael addition reaction of dialkyl malonates and thiophenols to cyclic enones leading to good yield and high enantioselectivity. We have also synthesised a novel polymer chiral ligand poly2 and polymer anchored chiral catalyst LiAlpoly2A and used it as an activator for Michael addition reaction of nitromethane to chalcone with good yield and high enantioselectivity.
Addition of thiophenols to unsaturated cycloalkenones also shows acceleration in the presence of this catalyst resulting in a greater yield and moderate enantioselectivity.
Experimental Section
General Procedures. All reactions were performed under an inert atmosphere of dry nitrogen. (R)-(+)-styrene oxide, 2-cyclopentenone, 2-cyclohexenone, LiAlH 4 , LaCl 3, thiophenol, p-methyl thiophenol and benzyl mercaptan were purchased from E-Merck and used as such. Anhydrous THF was obtained by distillation over sodium-benzophenone ketyl. All other reagents were purified by literature procedures. Gasimetric and ICP analysis of LiAl-1. Enantiomerically pure amino diol 1 (183 mg, 0.53 mmol)in dry THF (4 mL) was added to a cooled solution of LiAlH 4 (10 mg, 0.26 mmol) in dry THF. The evolved hydrogen gas was measured by the usual displacement technique. The volume of gas evolved was 23.60 mL (calculated gas volume = 23.74 mL). The mixture was stirred for 30 minutes at 0 o C and the reaction mixture was filtered through Celite using Schlenck apparatus. After removal of the solvent, the complex was obtained as a semi-solid. From this 44 mg of the complex was weighed and made upto 10 mL using 1:1 mixture of water and concentrated nitric acid. The aqueous solution was filtered through Whatman 40 filter paper and this solution was used for ICP analysis. The observed values are Al = 165.24 ppm, Li = 44.02 (calculated values Al = 164.01, Li = 43.00).
Figure 1. 1 H-1 H-COSY for the (R, R)-2-[Benzyl-(2-hydroxy-2-phenylethyl)-amino]-1-

phenylethanol, 1 (showing only the regions of correlation).
General procedure for Michael addition reaction of malonates to cycloalkenones using LiAl-1 Enantiomerically pure amino diol 1 (201 mg, 0.58 mmol) in dry THF (4 mL) was added to a cooled solution of LiAlH 4 (11 mg, 0.29 mmol) in dry THF. The mixture was stirred for 30 minutes at 0 o C, then the cycloalkenones (1.45 mmol) in dry THF (2 mL) and malonates (1.45 mmol) in dry THF (2mL) were added. The mixture was warmed to room temperature and stirred for 3 to 7 h. After completion of the reaction, the mixture was quenched with 1N HCl, and the product was extracted with ethylacetate. The organic layer was washed successively with saturated NaHCO 3 solution, brine and dried over anhydrous Na 2 SO 4 . Removal of the solvent under reduced pressure gave a syrupy mass, which on flash column chromatography using acetone: hexane (4:96) as eluent gave the products. Preparation of the heterobimetallic complex LS-1. 
Michael addition reaction of donors to cycloalkenones using LS-1
To 10 mol% of LS-1 complex, 1 eq. of cycloalkenones and 1 eq. of Michael donors were added sequentially using solvent. After 30 min the reaction mixture was quenched with 1N HCl, and the product was extracted with ethylacetate. The organic layer was washed successively with saturated NaHCO 3 solution, brine and dried over anhydrous Na 2 SO 4 . Removal of the solvent under reduced pressure gave a syrupy mass, which on flash chromatography using acetone: hexane (4:96) as eluent gave the products. 
Synthesis of monomer
)
Preparation of catalyst (poly2a).
To one mole of (R,R)-3-aza-3-(p-vinylbenzyl)-1,5-diphenyl-1,5-dihydroxy pentane one mole of divinylbenzene and respective mole of styrene were added in the presence of 10 mg of benzoylperoxide and sealed at nitrogen atmosphere. Then the reaction mixture was heated at 70 °C for 48 h. The resulting polymer was washed with methanol and used as such. To 250 mg of poly2a, 10 mg of LiAlH 4 (0.268 mmol) in dry THF was added slowly at 0 o C and stirred for 30 min.
Gasimetric and ICP analysis of the catalyst poly2a. To poly2a (500 mg) in THF a solution of LiAlH 4 (10 mg, 0.268 mmol) in dry THF was added drop by drop at 0 o C. The hydrogen gas evolved, measured by usual displacement technique was 23.58 mL (calcd 23.74 mL). General procedure for the Michael addition reaction using (poly2a) To the polymer chiral ligand (250 mg) in THF a solution of LiAlH 4 (10 mg, 0.268 mmol) in dry THF was added slowly, drop by drop at 0 o C. The mixture was stirred for 30 min, and then the mixture was warmed to room temperature the Michael acceptor and donor were added subsequently. After the reaction was over it was quenched with 1N HCl and mixture extracted with ethylacetate. The organic layer was washed successively with saturated NaHCO 3 solution, brine and dried over anhydrous Na 2 SO 4 . Removal of the solvent under reduced pressure gave a syrupy mass, which on flash column chromatography gave the product. 
